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Preface
The NASA Lewis general chemical kinetics and sensitivity analysis code,

LSENS, has been described in a recent series of three NASA reference publications.
This code computes the progress of complex (multistep) molecular processes in a
homogeneous gas mixture for several reaction models. For a static (nonflow)
chemical reaction it also lets the user perform a sensitivity analysis of the reacting
system simultaneously with the chemical kinetics computation. Sensitivity analysis
gives the user the ability to rapidly determine the relatively few individual reactions
that are rate controlling in a system where many simultaneous steps are occurring.
This ability is very useful in the task of mechanism development, especially for the
complicated reactions occurring during the oxidation of hydrocarbon fuels. The
significant effort now being given to modeling gas turbine and ramjet combustors
has made it necessary to understand these oxidation processes so that realistic heat-
release models can be developed. These models are needed as part of the numerous
comprehensive computational fluid dynamics (CFD) computer codes that are
being developed to model practical combustors.

Even if detailed oxidation mechanisms (typically containing 100 or more
molecular steps) were known for even simple hydrocarbon fuels, they could not be
used directly in the present-day CFD codes because execution times would become
impractically long. Therefore, smaller mechanisms have been developed in recent
years for many hydrocarbon oxidations. A common technique is to combine several
molecular steps into a single overall, or global, reaction. The rate expression for a
global step is developed empirically from analysis of experimental data and differs
from that for a molecular step. Mechanisms containing only global reactions or
both global and molecular reactions have been developed. They give good
temperature and heat-release profiles and also a limited number of realistic species-
composition profiles over a limited range of experimental conditions. However,
they lack all the details of a complete molecular mechanism. Of course, the
applicability of such all-global or quasi-global (global plus molecular reactions)
mechanisms is limited to the range of experimental conditions used to develop
them.

So that the LSENS code can be more useful in heat-release computations for
practical combustion systems, two new capabilities have been added to it. The first
is the ability to use both molecular and global reactions in a chemical mechanism.
As far as is known, no other general chemical kinetics code in use today has this
ability. Second, the ability to perform rapid and convenient sensitivity analysis has
been extended to a second chemical model contained in the original LSENS,
namely the perfectly stirred reactor (PSR) model, which is often used to simulate
the backmixing type of reaction in a practical gas turbine combustor. This reference
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publication documents the new code GLSENS, which incorporates both these
additions to the original LSENS code. Chapter 2 discusses the rate equations for
both molecular and global reactions and also presents the derivation of the equations
used to compute sensitivity coefficients for the PSR reaction model. Chapter 3
describes the coding modifications and new subroutines needed to incorporate the
PSR sensitivity analysis equations into GLSENS. It also gives a detailed description
of the modified input for global reactions. Chapter 4 presents nine example
problems that use global and quasi-global mechanisms to compute the course of
PSR and integration problems. Several of the PSR problems illustrate the computation
of sensitivity coefficients using the newly encoded equations. These results are
verified by comparison with sensitivity coefficients obtained by the direct approach
of increasing and decreasing a given parameter and computing the effect on all
dependent variables.

For users who wish to execute several problems in one problem data file, the
appendix presents a set of seven additional test cases set up in a single data file. These
cases illustrate the multiple-case ability of GLSENS, which allows the user to
conveniently perform several computations with the same mechanism in a single
computer run or to easily modify the reaction mechanism and repeat a calculation.

The user will very likely be able to use the test-case files presented in this report
as models in preparing any desired problem data file.

Information about code availability can be obtained from COSMIC, University
of Georgia, 328 East Broad Street, Athens, GA 30602; telephone, (706) 542–3265.
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Symbols
Aj preexponential factor in rate coefficient

equations (2.6) and (2.7) for reaction j

As preexponential factor for reaction s (eq. (2.43))

aj sum of all alj values over all rate-controlling
species for reaction j

aij empirically determined power of ρσi in global
reaction rate equation (2.9) for reaction j

alj empirical global rate equation exponent for
species l in reaction j (eq. (2.35))

Cpl molar heat capacity of species l

cj exponential constant in special rate coefficient
equation (2.7) for reaction j

cp mass specific heat of reacting mixture

cs exponential constant for reaction s (eq. (2.46))

Ej activation energy in rate coefficient equation for
reaction j

Es activation energy for reaction s (eq. (2.45))

∆Gj
° Gibbs function change for reaction j

GLADD logical variable which, if true, indicates that
global reactions are being added when multiple
cases are being performed

GLCHNG logical variable which, if true, indicates that
global reaction rates are being changed when
multiple cases are being performed

GLOBAL logical variable which, if true, indicates that
global reactions are in reaction mechanism

GRONLY logical variable which, if true, indicates that
mechanism contains only global reactions

Hi molar enthalpy of species i in reacting mixture

Hi
° standard molar enthalpy of species i (298.15 K)

∆H j
° enthalpy change for reaction j at 298.15 K

Hl molar enthalpy of species l at reactor tempera-
ture T

Hl,0 molar enthalpy of species l at initial reactor
temperature T0

Kj equilibrium constant for jth chemical reaction,
in concentration units

kj reaction rate coefficient for jth molecular
chemical reaction (eqs. (2.6) and (2.7))

kj (T) reaction rate coefficient for jth global chemical
reaction (eq. (2.9))

ks reaction rate coefficient for sth chemical
reaction (eqs. (2.43) to (2.46))

MRADD logical variable which, if true, indicates that
molecular reactions are being added when
multiple cases are being performed

MRCHNG logical variable which, if true, indicates that
molecular reaction rates are being changed when
multiple cases are being performed
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MRPREV logical variable which, if true, indicates that pre-
vious case mechanism contains only molecular
reactions when multiple cases are being
performed

Mj collisional efficiency factor for collisionally
catalyzed reaction j (eq. (2.8))

MW molecular weight of mixture

mij relative collisional efficiency of species i in
collisionally catalyzed reaction j

ṁ mass flow rate through reactor

NR number of reactions in chemical mechanism

NRS number of reacting species in reacting mixture

NS total number of species (including inert ones) in
       reacting mixture

nj temperature exponent in rate coefficient
equations (2.6) and (2.7) for reaction j

ns temperature exponent in rate coefficient equa-
tion for reaction s (eq. (2.44))

p pressure

Q̇ rate of heat transfer from reactor

R universal gas constant

Rj forward rate of molecular chemical reaction j
per unit volume

R–j backward rate of molecular chemical reaction
 j per unit volume

rj net molar rate of molecular or global reaction
 j per unit volume

Sij unnormalized sensitivity coefficient

〈Sij〉 normalized sensitivity coefficient (eq. (2.54))

Si symbol for species i as reactant or product in
chemical reaction

T absolute temperature

 v volume of reactor

 Wi net molar formation rate of species i per unit
volume

yi ith dependent variable (species concentration or
temperature) of PSR problem

y
–
i value of ith dependent variable for standard value

of changed parameter in brute-force sensitivity
coefficient calculation

ηj rate coefficient parameter of jth chemical reaction

′ν j sum of stoichiometric coefficients for reactants
in reaction j

′′ν j sum of stoichiometric coefficients for products
in reaction j

′νij stoichiometric coefficient of reactant species i
in reaction j

′′νij stoichiometric coefficient of product species i in
reaction j

′νl j stoichiometric coefficient of reactant species l
in reaction j

′′νlj stoichiometric coefficient of product species l
in reaction j

∆νj change in number of molecules (products minus
reactants) for reaction j

ρ mass density of gas mixture

σi mole number (moles per unit mass of mixture)
of species i

σl mole number of species l

ϕ equivalence ratio

ωij net rate of formation of species i by reaction j
per unit volume

ωis rate of formation of species i by reaction s

Subscript:

0 initial-mixture condition

 Superscript:

° standard state for thermodynamic property
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large number of molecular steps, and a numerical analysis code
such as LSENS was required for accurate modeling of the heat-
release process. Because coupling a complete complex kinet-
ics code to most CFD codes is impractical, there has been sig-
nificant use in recent years of simplified oxidation mechanisms
containing global reactions, which are computationally rapid
and still realistic. A recent paper by Bittker (ref. 4) surveys the
present status of this work. The important difference between
molecular and global reactions is in the method used to calcu-
late the global reaction rate. A global reaction rate is deter-
mined empirically by least-squares fitting of experimental data
to an assumed formula. To make the GLSENS code useful in
performing practical kinetics computations, the ability to use
global reactions along with molecular processes has been added.
This reference publication discusses the form of the global re-
action rate equation and gives details of its addition to the
GLSENS code. Input changes needed to use global reactions
are discussed, and several test cases using this type of reaction
are presented.

A second new ability in GLSENS is the  computation of
sensitivity coefficients for the PSR combustion model, which
is often used as an approximate model of the highly turbulent
gas turbine combustion. The sensitivity analysis method for
nonflow processes, which is part of LSENS, does not apply to
the PSR model. Previous work has shown how sensitivity analy-
sis is an important tool in developing detailed chemical mecha-
nisms for the ignition and oxidation of pure hydrocarbon
components of practical fuels. Early computations by Bittker
(ref. 5) on the lower temperature (~1100 K) ignition of
benzene and toluene mixtures with oxygen first applied the
LSENS technique of nonisothermal sensitivity analysis to un-
derstanding the complex oxidation mechanisms of these aro-
matic components of real fuels. More recent work by Bittker
(ref. 6) and by Emdee et al. (ref. 7) has resulted in significantly
improved benzene and toluene oxidation mechanisms that give
the important molecular steps during the ignition and early heat-
release phases of the reactions. The results of static-reaction
sensitivity analysis can be expected to also give useful

Chapter 1

Introduction
This reference publication describes a new computer code,

GLSENS, which adds two new capabilities to the general
chemical kinetics and sensitivity code LSENS developed at
NASA Lewis Research Center. LSENS performs complex
chemical kinetics computations for any chemical system and
several different reaction types, including static and one-
dimensional flow reaction, shock-initiated chemical reaction,
and the fully backmixed perfectly stirred reactor. All chemical
reactions are molecular processes whose rates are calculated
from the law of mass action. For static (nonflow) reactions
LSENS also computes, at the user’s option, linear normalized
sensitivity coefficients. These coefficients measure, approxi-
mately, the percent change in any dependent variable caused
by a 1-percent change in either a reaction rate coefficient or
the initial conditions of the problem (e.g., temperature or mix-
ture composition). In the documentation reports for LSENS
(refs. 1 to 3)  two sets of ordinary differential equations (ODE’s)
are derived. Solving the first set gives the kinetics solution (i.e.,
the temporal variation of all dependent variables). These re-
sults may then be used to solve the second set of ODE’s for the
sensitivity coefficients of the dependent variables in a static,
nonisothermal chemical reaction. Details of the solution of these
equations, as incorporated into LSENS, are also given.

The first enhancement in GLSENS is the ability to use
mechanism reactions that are not individual molecular steps
but combinations of several of these steps. Using these “glo-
bal” reactions loses the fine details of the molecular steps but
can give reasonably accurate predictions of the temperature
profile and heat-release rate as well as important pollutant spe-
cies profiles in a practical combustion system. A major effort
today in combustion research is the theoretical modeling of
such gas turbine and ramjet systems. This task often requires
the numerical solution of the Navier-Stokes flow equations
coupled with models of turbulence generation and heat release
in the flow. For many years oversimplified, unrealistic chemi-
cal oxidation mechanisms have been used in the heat-release
terms of these complicated computational fluid dynamics
(CFD) codes. A detailed fuel oxidation mechanism contains a
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tedious brute-force computations, a set of simultaneous linear
equations can be derived that is easily and rapidly solved for
the Sij values of all dependent variables. If there are N depen-
dent variables in the problem, a set of N linear equations can
be obtained in the variables Sij, i = 1, 2,..,N. Of course, the
value of j is fixed for any set of equations. This reference pub-
lication presents the derivation of the equations for the
unnormalized sensitivity coefficients and all formulas for the
matrix elements needed in the solution. A similar set of equa-
tions was also derived that can be solved for sensitivity coeffi-
cients with respect to changes in the initial temperature of the
reacting mixture. The programming changes required to add
this sensitivity coefficient calculation to the direct PSR solu-
tion in the GLSENS code are then described. The results of
several sensitivity analysis test cases are also given and are
compared with results of the brute-force method of calculat-
ing the sensitivity coefficients. Also shown are the differences
found in rate-controlling reactions when the perfectly stirred
reactor is compared with a lower temperature static ignition
reaction for the same chemical system.

information about the important reactions in a similar one-
dimensional plug flow process in which there is no backmixing.
It would be expected that different reactions are rate control-
ling for the higher temperature, completely backmixed PSR.
To develop oxidation mechanisms valid for the PSR, a conve-
nient method of calculating sensitivity coefficients for this type
of combustion model is needed.

The combustion of several hydrocarbon fuels in a stirred
reactor has been studied both experimentally and theoretically
by several investigators (refs. 8 to 11). In all these papers sen-
sitivity analysis was performed on the chemical mechanism
by the brute-force method. That is, each reaction rate coeffi-
cient was increased and decreased by a fixed small percent-
age, and the kinetics modeling computations were repeated to
determine the quantitative effect on the computed values of
the dependent variables as the ratio δyi/δkj, where yi is the
dependent variable of interest and kj is the reaction rate coeffi-
cient that is being changed. The quantity δyi is the change in yi
caused by the change δkj in kj. The computed ratio is a close
approximation to the actual unnormalized sensitivity coeffi-
cient, the partial derivative Sij = ∂yi/∂kj. To avoid these
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Chapter 2

Molecular and Global Rates and Sensitivity
Equations for Perfectly Stirred Reactor

This chapter presents the equations for the net rate of a mo-
lecular reaction as used in the original LSENS code (ref. 1).
The global reaction concept is then introduced and the rate
equation for this type of reaction is given. The second part of
the chapter describes the new equations used in GLSENS to
compute sensitivity coefficients for a perfectly stirred reactor
process. These are linear algebraic equations, whereas the equa-
tions for sensitivity analysis in a static chemical reaction are
linear differential equations. The sensitivity analysis theory for
static chemical reactions is not discussed here because it
applies to both molecular and global reactions. One must only
take care to use the appropriate formulas for the rate of a glo-
bal reaction and its derivatives when calculating the Jacobian
elements in the numerical kinetics and sensitivity analysis
solutions. These formulas, for both molecular and global reac-
tions, are derived in sections 2.2.1.2 to 2.2.1.4 after the deriva-
tion of the PSR sensitivity equations. They are used in all
kinetics and sensitivity coefficient calculations involving both
types of chemical reaction.

2.1 Molecular and Global Rate Equations

In the usual complex chemical reaction a system of NRS
reacting species participates in NR reversible molecular reac-
tions, which are written in the general form

M M jij
i

i ij
i

i+ ′ = ′′ + =
= =
∑ ∑ν ν

1 1

1 2 2 1
NRS NRS

NRS S , , ..., ( . )

Here M represents any collision partner if the reaction is a
collisionally catalyzed decomposition or recombination proc-
ess and is not written for regular types of reactions, Si is the
name of species i, and ′ ′′ν νlj lj a  nd  are its stoichiometric coef-
ficients as reactant and product, respectively. The net molar
formation rate of species i per unit volume is then given by

W ri ij
j

ij ij
j

j= = ′′ − ′( )
= =
∑ ∑ω ν ν

1 1

2 2
NR NR

( . )

where

r R Rj j j= − − ( . )2 3

is the net molar rate per unit volume of reaction j. The forward
and reverse molar rates, Rj and R–j,  are written by using the
laws of mass action and of microscopic reversibility (see
ref. 1) as

R M kj j j i
i

i= ( ) ′

=
∏ ρσ

ν

1

2 4
NRS

( . )

R
M k

Kj
j j

j
i

i

i
−

′′

=

= ( )∏ ρσ
ν

1

2 5
NRS

( . )

The forward rate coefficient kj for reaction j is given by the
modified Arrhenius expression

k A T
E

RTj j
n jj=

−
exp ( . )2 6

or, for a few reactions, by the equation

k A T c Tj j
n

j
j= ( )exp ( . )2 7

In the above equations Kj is the equilibrium constant of reac-
tion j in concentration units and Mj is the collisional efficiency
factor given by
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M mj ij i
i

=
=
∑ρ σ

1

2 8
NS

( . )

where mij is the collisional efficiency of species i in the jth
reaction as a collision partner. In the above equations ρ is the
mass density of the mixture, σi is the mole number (moles per
unit mass) of species i, and NS is the total number of species,
including inerts. If the collisional efficiencies for all species
are unity for a collisionally catalyzed reaction, Mj is just the
total molar concentration of all species in the mixture. If the
reaction is a regular type, Mj is equal to 1.0 and does not ap-
pear in equations (2.4) and (2.5).

A global reaction summarizes the net effect of several mo-
lecular steps. It is selected to show the formation or destruc-
tion of a stable species without considering the actual molecu-
lar steps that involve the reactions of free-radical and atomic
species. This type of reaction differs from a molecular reac-
tion in the following ways: it is always irreversible, and its rate
expression does not obey the law of mass action used for mo-
lecular steps. Because the reaction includes effects of species
other than the actual reactants, its rate can, in general, depend
on the concentration of any species present in the mixture. The
general rate expression for a global reaction is, therefore, writ-
ten as

r k Tj j i
a

i

ij= ( )
=
∏( ) ( . )ρσ

1

2 9
NS

where ρσi is the molar concentration of any species in the mix-
ture, not only a reactant, and kj(T) is a temperature-dependent
rate coefficient in the form of equation (2.6). The constants
{aij} and the three constants in kj(T) are obtained by multivari-
ate curve fitting of experimental data taken over as wide a range
of conditions as possible. Each global reaction in GLSENS
may have a maximum of three species on the reactant side and
three species on the product side. On both sides of equation
(2.1) each species may be either an actual participant in the
process or a species whose concentration appears in equation
(2.9) but is not changed by the reaction. An example of a mo-
lecular reaction is the collision of two ketyl radicals to form
acetylene and two carbon monoxide molecules:

C HO C HO C H CO2 2 2 2 2+ = +

This is one of the steps in the oxidation of the fuel benzene,
which is discussed in detail in section 4.3.2.4. The code inter-
prets the left side of this reaction as two molecules of C2HO
and uses the rate expression

r k
Kj j

j

= [ ] − [ ][ ]










C HO

C H CO
2

2 2 2
2

where the square brackets indicate molar concentration and j is
the reaction index number.

An example of a global step is the reaction

OH H O H O O OH+ + → + +2 2 2

which is the conversion of a molecule of hydrogen and oxygen
to water and an oxygen atom. A hydroxyl radical is written on
both sides of the reaction because the experimentally deter-
mined rate expression for this reaction is

r kj j= [ ][ ]O OH2

This rate is independent of the concentration of hydrogen and
is proportional to the concentration of OH radical, which is not
changed by the reaction. The exponent of the oxygen concen-
tration was determined by least-squares fitting of experimental
data and is not related to the stoichiometric coefficient of oxy-
gen, which has the same value. The code allows the use of as
many as three rate-determining species concentrations and their
empirically determined concentration exponents in equation
(2.9) for each reaction. The latter are read in separately from
the reactants and products of the reaction. Program details for
using global reactions are given in chapter 3.

2.2 Equations for Perfectly Stirred
   Reactor Combustion and
   Sensitivity Analysis

The equations describing combustion reaction in the per-
fectly stirred reactor have been written and described in refer-
ence 1. For this completely backmixed system each reacting
species mole number σi obeys the continuity equation

˙
, , ..., ( . ),

m

v
W ii i iσ σ0 0 1 2 2 10−( ) + = = NRS

where v is the reactor volume,  ṁ is the mass flow rate through
the  reactor, and Wi, the net molar rate of formation of species
i, is given by equation (2.2). Each reaction rate rj in this equa-
tion is calculated from either equations (2.3) to (2.5) or equa-
tion (2.9), depending on whether the process is molecular or
global.  The reactor also obeys the energy conservation equa-
tion

σ σl l l l
l

H H
Q

m
−( ) + =

=
∑ , ,

˙

˙
( . )0 0

1

0 2 11
NS
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where Hl is the molar enthalpy of species l at the reactor tem-
perature T, Hl,0 is the molar enthalpy of species l at the initial
reactor temperature T0, and Q̇  is the heat transfer rate from the
reactor and is a function of temperature only. Equations (2.10)
and (2.11) constitute a system of NRS+1 nonlinear
algebraic equations in the variables σ1, σ2, ..., σNRS and tem-
perature that are valid for a chemical mechanism containing
any mix of molecular and global reactions. These equations
are solved by the Newton-Raphson numerical method as de-
scribed in chapter 7 of reference 1. The iteration procedure
solves sets of linear equations involving the logarithms of the
increments of the dependent variables.

The present task is to compute the sensitivity coefficients of
these NRS+1 dependent variables with respect to changes or
uncertainties in the rate coefficient parameters Aj, nj, and ei-
ther Ej or cj in equations (2.6) and (2.7). The sensitivity coeffi-
cients of these dependent variables with respect to initial tem-
perature T0 are also computed. For clarity of presentation the
dependent variables are redefined in terms of an array {yi}
having NRS+1 elements, where

yi = σi    i = 1,2,3,...,NRS

and

yNRS+1 = T

2.2.1  Sensitivity Coefficients With Respect to
  Rate Parameters

The following unnormalized sensitivity coefficients are
defined:

S
y

j

i

ij
i

j

= =

= +

∂
∂η

 , ...,

, , ..., ( . )

1 2

1 2 1 2 12

NR

NRS

where ηj represents any of the rate coefficient parameters of
the jth chemical reaction, namely Aj, nj, and Ej or cj in equa-
tions (2.6) and (2.7). Sets of equations that can be solved for
these sensitivity coefficients are now derived.

First, equations (2.10) can be differentiated with respect to
rate parameter ηs to obtain the equation

− + + + =

=

=
∑˙

, , ..., ( . )

m

v

W W W

T

T

i

i

s

i

s l

i

l T

l

s

i

s
i

∂σ
∂η

∂
∂η

∂
∂σ

∂σ
∂η

∂
∂

∂
∂η

σ1

0

1 2 2 13

NRS

all

NRS

The quantity ηs represents any of the three rate parameters of
reaction s. The first and third terms of this equation can be
combined by using the Kroneker delta function and the ex-
pression rewritten as

l

i

l T
il

l

s

i

s

i

s

W m

v

W

T

T W

i

i
=
∑ −









 + = −

=

1

1 2 2 14

NRS

all

NRS

∂
∂σ

δ
∂σ
∂η

∂
∂

∂
∂η

∂
∂η

σ

˙

, , ..., ( . )

where δil is defined by

δil

i l

i l
=

≠

=







0

1

if

if

There are now NRS linear equations in the NRS+1 unnormal-
ized sensitivity coefficients just defined. To obtain an
additional equation, equation (2.11) is differentiated with re-
spect to ηs to get

l

l
l

s
l

l

s s

H

T

T
H

Q m

T

T

=
∑ +












+

( )
=

1

0 2 15

NS

σ
∂
∂

∂
∂η

∂σ
∂η

∂
∂

∂
∂η

˙ / ˙
( . )

This equation can be rewritten using the fact that ∂Hl/∂T is
just Cpl , the molar heat capacity of species l, and that the mix-
ture specific heat per unit mass is given by the summation

cp
l

l pl=
=
∑

1

2 16
NS

Cσ ( . )

The result is

l
l

l

s
p

s

H c
m

Q

T

T

=
∑ + +







=
1

1
0 2 17

NRS ∂σ
∂η

∂
∂

∂
∂η˙

˙
( . )

The limit on the summation is now NRS because all deriva-
tives of inert-species mole numbers are equal to zero.

After equations (2.14) and (2.17) have been rewritten using
the definitions of the sensitivity coefficients (eq. (2.12)), the
following set of NRS+1 independent linear equations in the
NRS+1 sensitivity coefficients of the dependent variables {yi}
is obtained:
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l

i

l T
il ls

i
s

i

s

l
l ls p s

W m

v
S

W

T
S

W

i

H S c
m

Q

T
S

i
=

+

=
+

∑

∑

−








 + = −

=

+ +






=




















1
1

1
1

1 2 3

1
0

2 18

NRS

all NRS

NRS

NRS

NRS

∂
∂σ

δ
∂
∂

∂
∂η

∂
∂

σ

˙

, , , ...,

˙

˙

( . )

,

,

2.2.1.1 Derivatives of net species formation rate.—To solve
the system equation (2.18), the derivatives of each species for-
mation rate Wi must be calculated. For the rate coefficient pa-
rameter derivatives, ∂Wi/∂ηs, equation (2.2) is differentiated to
obtain

∂
∂η

ν ν
∂
∂η

W ri

s
is is

s

s

= ′′ − ′( ) ( . )2 19

where the derivative on the right-hand side can be obtained
from equations (2.3) to (2.5) as

∂
∂η

∂
∂η

r
r

ks

s
s

s

s

=
ln

( . )2 20

When equation (2.20) has been substituted into equation (2.19),
the result can be written as

∂
∂η

ω
∂
∂η

W ki

s
is

s

s

=
ln

( . )2 21

where ωis, the rate of formation of species i by reaction s, is
defined in equation (2.2).

Next, the derivatives of Wi with respect to σl and T are cal-
culated from equations (2.2) to (2.5). These equations present
Wi as an explicit function of gas density ρ, which is, however,
a function of T and the {σi} through the ideal-gas law.

ρ

σ

=

∑
p

RT i
i=1

NS ( . )2 22

Therefore, implicit differentiation of equation (2.2) gives the
following expressions for the partial derivatives of Wi with re-
spect to σl and T:

∂
∂σ

∂
∂σ

ρ
∂
∂ρσ

ρ
σ

W W
M

Wi

l T

i

l
T

w
i

T
i i

= −
other all,

,
,

( . )2 23

∂
∂

∂
∂

ρ ∂
∂ρ

σ
σ

ρ
σ

W

T

W

T T

Wi i i

Ti
i iall all all

= −
, ,

( . )2 24

In these equations the following derivatives of density from
equation (2.22) were used:

∂ρ
∂σ

ρ
l

wM= − ( . )2 25

∂ρ
∂

ρ
T T

= −
( . )2 26

The necessary equations for the derivatives of Wi on the right
sides of equations (2.23) and (2.24) are obtained from equa-
tion (2.2) as

∂
∂σ

ν ν
∂

∂σ
W r

i

l
ij ij

j

j

l

= ′′ − ′( )
=
∑

1

2 27
NR

( . )

∂
∂

ν ν
∂

∂
W

T

r

T
i

ij ij
j

j= ′′ − ′( )
=
∑

1

2 28
NR

( . )

∂
∂ρ

ν ν
∂

∂ρ
W r

i
ij ij

j

j= ′′ − ′( )
=
∑

1

2 29
NR

( . )

2.2.1.2 Derivatives of net reaction rate.—The derivatives
of rj needed in equations (2.27) to (2.29) are obtained from
equations (2.3) to (2.5) for molecular reactions and from equa-
tion (2.9) for global reactions. These derivatives are used not
only for the PSR sensitivity calculations, but also for the gen-
eral kinetics calculations and the static-reaction sensitivity
analysis computations. For molecular reactions regular and
third-body collisional processes must be treated separately
when differentiating with respect to a species concentration or
density. Consider the temperature derivatives first. For a mo-
lecular reaction rate, differentiating equations (2.4) and (2.5)
and substituting into equation (2.3) give, after simplification,

∂

∂

r

T
r

d k

dT
R

d K

dT
j

j
j

j
j= + −

ln ln
( . )2 30

Differentiating equation (2.9) for a global reaction rate gives
the same expression for the temperature derivative without
the reverse rate term, since a global reaction is always
irreversible.
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To obtain the σl and ρ derivatives of the molecular reaction
rate, two cases are considered separately. For regular
(noncollisionally catalytic) reactions Mj is set equal to 1.0 in
equations (2.3) to (2.5), and differentiating with respect to σl
gives, after some simplifying, the following expression for the
σl derivatives of rj :

∂

∂σ

ν

σ

ν

σ

r R Rj

l

lj j

l

lj j

l

=
′

−
′′ − ( . )2 31

In most situations a species is either a reactant or a product, so
either ′ ′′ν νlj lj or  will be zero. For the  derivative with respect to
density, equations (2.3) to (2.5) give the result

∂

∂ρ

ν

ρ

ν

ρ

r R Rj j j j j=
′

−
′′ − ( . )2 32

where ′ν j  is the sum of the reactant stoichiometric coefficients
in the jth reaction and ′′ν j   is the sum of product stoichiometric
coefficients in that reaction. In the case of collisionally cata-
lytic (third body) reactions, differentiating equations (2.3) to
(2.5) with respect to σl and using the appropriate derivative of
Mj obtained from equation (2.8) give, after simplification,

∂

∂σ

ν

σ

ν

σ

ρr R R r m

M
j

l

lj j

l

lj j

l

j lj

j

=
′

−
′′

+− ( . )2 33

Differentiating with respect to density and using equation (2.8)
for ∂Mj /∂ρ give the expression

∂

∂ρ

ν

ρ

ν

ρ ρ

r R R rj j j j j j=
′

−
′′

+− ( . )2 34

For the σl and ρ derivatives of a global reaction rate, differen-
tiating equation (2.9) gives the following results:

∂

∂σ σ

r rj

l

lj j

l

=
a

( . )2 35

and

∂

∂ρ ρ

r rj j j=
a

( . )2 36

where aj is the sum of all the alj values for reaction j.
2.2.1.3 Temperature derivatives of rate coefficient and

equilibrium constant.—Two quantities that appear in the rj
derivative expressions of the previous section need to be cal-

culated. These are the temperature derivatives of the rate coef-
ficient and the equilibrium constant in equation (2.30). These
equations also apply to more general situations than PSR sen-
sitivity analysis (see ref. 1). Logarithmic differentiation of the
usual modified Arrhenius rate expression (eq. (2.6)) gives

d k

dT

n

T

E

RT

j j jln
2= + ( . )2 37

Similar differentiation of the special rate coefficient formula
(eq. (2.7)) gives

d k

dT

n

T
cj j

j

ln
= + ( . )2 38

The equilibrium constant Kj for any reaction is expressed in
concentration units by the relation

K RT
G

RTj
jj=

−− °
( ) exp ( . )

∆ν ∆
2 39

where  ∆Gj
°  is the Gibbs function change for the reaction and

∆νj is the change in number of molecules for the reaction (i.e.,
number of products minus number of reactants.) Differentiat-
ing equation (2.39) and using the Gibbs-Helmholtz equation
for  ∂(∆Gj

°)/∂Τ  (ref. 12) give

d K

dT T

H

RT

j j jln
( . )=

−
+

°∆ν ∆
2 2 40

where  ∆H j
° is the heat of reaction given by

∆H Hj ij ij
i

i
°

=

°= ′′ − ′( )∑ ν ν
1

2 41
NRS

( . )

Equation (2.40) is rewritten for ease of computation in GLSENS
by substituting equation (2.41) and the definition of ∆νj into it
and rearranging terms to obtain the expression

d K

dT T

H

RT
j

ij ij
i

i
ln

( . )= ′′ − ′( ) −





=
∑1

1 2 42
1

ν ν
NRS

2.2.1.4 Derivatives of rate coefficient equations with re-
spect to rate parameters.—To complete the computation of
all matrix coefficients in the system of equations (eq. (2.18)),
the specific formulas for the right-hand-side coefficients
(eq. (2.21)) have to be calculated. To obtain the logarithmic
derivatives of kj with respect to each rate parameter, the
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logarithmic forms of equations (2.6) and (2.7) are differenti-
ated. From either of these equations the following formulas
are obtained for the derivatives with respect to the
preexponential factor and temperature exponent:

∂
∂
ln

( . )
k

A A
s

s s

= 1
2 43

∂
∂
ln

ln ( . )
k

n
Ts

s

= 2 44

The derivative with respect to Ej, from equation (2.6), is

∂
∂
ln

( . )
k

E RT
s

s

= − 1
2 45

From equation (2.7) the derivative with respect to cs is

∂
∂
ln

( . )
k

c
Ts

s

= 2 46

2.2.2  Sensitivity Coefficients With Respect to
  Initial Temperature

A set of linear equations that can be solved for the sensitivity
coefficients of the dependent variables with respect to the initial
temperature of the reacting mixture can be obtained by differ-
entiating equations (2.10) and (2.11) with respect to the initial
temperature T0. From equation (2.10)

˙
( . )

m

v T

W

T
i i−







+ =

∂σ
∂

∂
∂0 0

0 2 47

The second term can be written out as follows:

∂
∂

∂
∂σ

∂σ
∂

∂
∂

∂
∂

σ

W

T

W

T

W

T

T

T
i

l

i

l T

l i

i
0 1 0 0

2 48= +
=
∑
NRS

all
( . )

Using equation (2.48) in equation (2.47) gives a set of NRS
equations in the required NRS+1 sensitivity coefficients:

l

i

l T
il

l iW m

v T

W

T

T

T
i

=
∑ −












+ =

1 0 0
0 2 49

NRS

all

∂
∂σ

δ
∂σ
∂

∂
∂

∂
∂

σ

˙
( . )

The last equation results from differentiating equation (2.11)
with respect to T0, which gives, first,

l
l

l
l

l
l

l
l

lH

T
H

T

H

T
H

T

Q m

T

T

T

=
∑ + − −













+
( )

=

1 0 0
0

0

0
0

0

0

0
0 2 50

NS

σ
∂
∂

∂σ
∂

σ
∂
∂

∂σ
∂

∂

∂
∂
∂

,
,

,
,

˙ ˙
( . )

To rewrite this equation in more useful form, first note that
all the derivatives ∂σ ∂l T,0 / 0 are equal to zero and also that
∂ ∂H T Cl pl, ,0 0 0/ is , the molar heat capacity of species l at
temperature T0. Finally,

∂
∂

∂
∂

∂
∂

∂
∂

H

T

H

T

T

T
C

T

T
l l

pl
0 0 0

= =

Using this information in equation (2.50) gives

l
l

l
p pH

T
c

m

Q

T

T

T
c

=
∑ + +







=
1 0 0

0
1

2 51
NRS ∂σ

∂
∂
∂

∂
∂˙

˙
( . ),

where cp,0 is the initial mass specific heat of the mixture (see
eq. (2.16)).

Equations (2.49) and (2.51) make up a set of NRS+1 inde-
pendent linear equations in NRS+1 sensitivity coefficients that
can be defined by

S
y

T
ii,T

i
0

= = +
∂
∂ 0

1 2 1 2 52, , ..., ( . )NRS

where yi = σi for i ≤ NRS and yi = T for i = NRS+1. The set of
equations to be solved for these initial-temperature sensitivity
coefficients can then be written as

∂
∂σ

δ
∂
∂

∂
∂

σ

W m

v
S

W

T
S

i

H S c
m

Q

T
S c

i

T
i T

i
T

T p T p

i

l
l l

l

l l
l

−











+ =

=

+ +






=




















=
+

=
+

∑

∑

˙

, , ...,

˙

˙

, ,

, , ,

0 0

0 0

1
1

1
1 0

0

1 2

1

NRS

all
NRS

NRS

NRS

NRS (( . )2 53
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Comparing this set of equations with the set solved for the
sensitivity coefficients with respect to rate parameters (eqs.
(2.18)) shows that each set has the same left-hand-side matrix
of coefficients. Only the right-hand-side constant vector is
different. Thus, the computational cost of obtaining the initial-
temperature sensitivity coefficients is very small after the rate
coefficient sensitivities have been calculated.

2.2.3 Normalized Sensitivity Coefficients

2.2.3.1 Rate coefficient parameters.—The GLSENS code
normalizes all sensitivity coefficients calculated by solving the
set of equations (2.18) by exactly the same method used for
sensitivity coefficients in integration problems. The normaliza-
tion factors used are discussed in detail in chapter 4 of part I of
the LSENS code documentation (ref. 1). A brief summary of the
formulas for normalized coefficients is given here for the
reader’s convenience. Again, using ηj to represent any of the
rate parameters of the jth chemical reaction, the normalized
sensitivity coefficient of any yi with respect to ηj can be defined
by

S
y

y

y
ij

i

j

j

i

i

j

= =
















∂
∂ η

η ∂
∂η

ln

ln
( . )2 54

This coefficient is the percent change in yi due to a change in ηj
that causes a 1-percent change in the rate coefficient kj. In
practice the correct normalization factor ηj, multiplying the
unnormalized coefficient ∂yi /∂ηj on the right-hand side of
equation (2.54), has to be properly chosen for the type of input
quantity whose sensitivity is being computed. In the case of the
preexponential factor Aj the choice is very simple, namely Aj
itself. Because Aj is always nonzero (unlike the other rate
parameters), it can be used as the normalization factor. For the
other rate parameters assumptions are made to express the
normalization factors in terms of the initial temperature. Con-
sult reference 1 for additional details on the derivation of
normalization factors for these rate coefficient parameters. The
exact factors used in LSENS and GLSENS are listed for
reference in table 2.1.

For the perfectly stirred reactor the sensitivity coefficients
with respect to all three rate parameters should be the same
because the reaction is really occurring at a constant tempera-
ture, namely the converged temperature for any assigned mass
flow rate. To verify this fact, sensitivity coefficients were
calculated for all three rate parameters separately for each
reaction and were always found to be identical when the
normalization factors of table 2.1 were used. Therefore, only
sensitivity to a 1-percent change in the rate coefficient kj, which
is the normalized quantity defined by equation (2.54) for any of
the individual rate parameters, needs to be discussed here.

 For computing the brute-force sensitivity coefficients the
partial derivative in equation (2.54) is replaced by the ratio δyi /
δηj, where δyi is the small change in yi caused by the small

Rate coefficient
parameter

Aj
a,b

nj
a,b

Ej
a

cj
b

Sensitivity coefficient
normalization factor

in eq. (2.54)

0.01 Aj

   0.01/lnT0

–0.01 RT0

0.01/T0

a
See eq. (2.6).

b
See eq. (2.7).

TABLE 2.1.—NORMALIZATION FACTORS
FOR RATE COEFFICIENT PARAMETER

SENSITIVITY COEFFICIENTS
[R is the universal gas constant in calories per

mole-K and T0 is the gas mixture’s initial
temperature.]

change δηj. Also, the quantity yi becomes –yi, the value of the
dependent variable for the standard or unchanged value of ηj.
It is most convenient to change the Aj parameter, inasmuch as
both equations (2.6) and (2.7) show that a given percent change
in the preexponential factor causes the same percent change in
the rate coefficient. For a change in any Aj of ±1 percent the
approximation formula to equation (2.54) for the normalized
brute-force sensitivity coefficient with respect to kj is then
given by

S
y A y A

yij
i j i j

i

=
+( ) − −( )∆ ∆

0 02
2 55

.
( . )

where

yi yi value for standard value of Aj

yi(Aj + ∆) yi value when Aj is increased by ∆

yi(Aj − ∆) yi value when Aj is decreased by ∆

and

∆ = 0 01. Aj

This equation was used to calculate the brute-force sensitivity
coefficients with respect to the rate coefficients inasmuch as the
change in any yi caused by the change in Aj was found to be
small enough to give a good approximation to the sensitivity
coefficient derivative.

2.2.3.2 Initial temperature.—For the normalized sensitiv-
ity with respect to initial temperature, T0 is used as the normal-
ization factor, the unnormalized coefficient (eq. (2.52)) is
multiplied by the factor T0/yi, and they are combined to obtain
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of ±2 K is used for the initial temperature. The δT0 becomes just
4 K and the brute-force approximation formula becomes

S
T y T y T

yi T
i i

i
, ( . )

0

0 0 02 2

4
2 57=

+( ) − −( )[ ]K K

Chapter 4 gives the results of several GLSENS test-case com-
putations of sensitivity coefficients for the perfectly stirred
reactor and compares them with the results of brute-force
computations using equations (2.55) and (2.57).
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In performing the brute-force sensitivity calculations a
1-percent change in initial temperature cannot be used be-
cause it would result in too large changes in the dependent
variables δyi, thus making the difference approximation to the
derivative in equation (2.56) quite inaccurate. Instead a change
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Chapter 3

Description of New GLSENS Coding

3.1 New Subroutines

In the following description of GLSENS coding, which
incorporates the additional abilities described previously, it is
assumed that the reader is familiar with the structure of and
input to the original LSENS code described in reference 2, the
usage manual. GLSENS keeps all the subroutines of LSENS
with necessary small modifications and adds four new subrou-
tines. Three of these are needed for reading in global reactions
and calculating their rates. The fourth contains the computation
of sensitivity coefficients for a PSR problem. The first global
reaction subroutine, GLOBIN, is called by subroutine KINP to
read in and process the input data for all global reactions after
it has read in any data for molecular reactions that may be
present. The second new subroutine, GLBCHG, reads in any
rate coefficient changes for global reactions in a multiple-case
situation. The third global reaction subroutine, GLBRAT, is
called by DIFFUN to calculate the molar rates per unit volume
of all global reactions after the molar rates for the molecular
reactions present have been calculated. A new common block,
REAC3, which contains necessary global reaction variables,
was added to these subroutines and to subroutine KINP and the
main program.

The fourth new subroutine, PSENS, manages the calculation
of all sensitivity coefficients for a PSR problem. This subrou-
tine, which is called from subroutine WSR after completion of
each incremental assigned mass-flow-rate PSR calculation,
first calculates the elements of the left-hand-side coefficient
matrix of equations (2.18) and (2.53). To do this, PSENS calls
subroutine PEDERV, where many of the same partial deriva-
tives of Wi are calculated as part of the Jacobian elements for the
Newton-Raphson iteration that solves the PSR problem itself.
After completing the appropriate right-hand-side vector, PSENS
calls subroutine GAUSS to solve for the unnormalized sensitiv-
ity coefficients. Subroutine SNSOUT is then called to normal-
ize and print only the coefficients that were asked for in the

problem data file. Logic changes are made in subroutine
SNSOUT and in subroutine SNSTAB to accommodate PSR
sensitivity analysis computations. A new common block,
PSRSEN, was added to subroutines PEDERV, PSENS, WSR,
and SNSTAB as well as to the main program. This common
block contains the logical variable WELSEN.

Two changes to the original LSENS subroutines should be
mentioned. One is in the output routine OUT1, which was
changed to print out the additional input data for global reac-
tions. In addition, the dimensions of many arrays were in-
creased to allow a maximum of 80 species to be used in a single
problem. These changes are described in appendix C (table C.3)
of reference 2.

3.2 Modifications to Problem Data File
3.2.1 Chemical Reaction Input

For all cases the code must now be told what kind of reaction
mechanism is to be used for the computation. GLSENS gives
complete flexibility as to the type of mechanism that may be
used. All molecular reactions or all global steps or a mixture of
the two types may be used. In the last case any number of
reactions of each type may be used (up to the maximum number
allowed, LRMAX), and the molecular reactions must be listed
first.  A new namelist called RTYPE must be added  to each
case. The seven logical variables in this namelist are listed and
their usage described in table 3.1. The first two logical variables
must be set for all cases. If any global reactions are in the
mechanism, the variable GLOBAL must be set equal to TRUE.
If the mechanism contains global reactions exclusively, the
variable GRONLY must be set equal to TRUE. Both variables
are initialized to the value FALSE so that they do not have to be
set if a mechanism consists of molecular reactions only. The
remaining five logical variables in RTYPE must be set for any
cases that use the REPEAT, CHANGE, or ADD settings of the
ACTION switch in a multiple-case file. All of these variables
except MRPREV are initialized to FALSE. The latter variable
is initialized to TRUE, which tells LSENS that the previous



14

Variable
name

GLOBAL

GRONLY

GLCHNG

GLADD

MRPREV

MRCHNG

MRADD

Value
a

TRUE

FALSE

TRUE

FALSE

TRUE

FALSE

TRUE

FALSE

TRUE

FALSE

TRUE

FALSE

TRUE

FALSE

Explanation

Global reactions are present in current case mechanism.

Global reactions are NOT present in current case mechanism.

Molecular reactions are NOT present in current case mechanism.

Molecular reactions are present in current case mechanism.

Some global reaction rate coefficients are to be changed from previous case.

No global reaction rate coefficients are to be changed from previous case.

Global reactions are to be added to mechanism of previous case.

No global reactions are to be added to mechanism of previous case.

Mechanism of previous case consists of only molecular reactions.

Mechanism of previous case has some global reactions.

Some molecular reaction rate coefficients are to be changed from previous case.

No molecular reaction rate coefficients are to be changed from previous case.

Molecular reactions are to be added to mechanism of previous case.

No molecular reactions are to be added to mechanism of previous case.

TABLE 3.1.—DESCRIPTION OF LOGICAL VARIABLES IN NAMELIST RTYPE

a
Default value is underlined.

case’s mechanism contained only molecular reactions.
Table 3.2 lists the values of the four variables GLCHNG,
GLADD, MRCHNG, and MRADD for all possible situations
of modifying a mechanism by using the CHANGE and ADD
options. Test-case files presented in chapter 4 give examples
using the information in tables 3.1 and 3.2. Note that the
namelist RTYPE follows the title line in a single case or in the
first case of a multiple-case file. However, in any case after the
first in a multiple-case file, RTYPE follows the ACTION line.

When both molecular and global reactions are used in a
mechanism, the global reactions follow the list of molecular
reactions (which ends with a blank line or the word END
beginning in column 4). Each global reaction requires two input
lines, whose formats are given in table 3.3. The first line gives
the names of as many as three reactant and/or rate-controlling
species as well as up to three products along with their stoichio-
metric coefficients, if different from 1. Note that if a global step
has a single reactant, it must be placed in the third (rightmost)
reactant field. It is called the first or only reactant in table 3.3.
If the step has two reactants only, they must be placed in the
second and third reactant fields. Likewise, a single product
must be listed in the first (leftmost) product field and two
products only must be listed in the first two product fields. The
reactant species listed on this line include all whose concentra-

tions are to be used in equation (2.9). If the rate expression
contains the concentration of a species that is not a participant
in the reaction, this species must be listed both as a reactant and
a product, so that its net change in concentration will be zero.
Note that column 40 must either be blank or have any character
except an equal sign, to indicate that the reaction is irreversible.
The “>” symbol is the most logical choice. The second line lists
first the exponent aij to be used with each concentration ci for
each reactant species on the previous line. The last half of this
line lists the three parameters Aj, nj, and Ej of the rate coefficient
expression (eq. (2.6)). The global reaction list ends with either
a blank line or one with the word END starting in column 5. If
the reaction mechanism contains only global reactions, this list
starts immediately after the namelist RTYPE line. Chapter 4
gives example problems that illustrate problem data files con-
taining mechanisms of all-global and molecular-plus-global
reactions.

3.2.2  PSR Sensitivity Coefficient Calculations

No change from the input data for an integration sensitivity
problem was required for the PSR sensitivity calculations. For
detailed information on setting up the problem data file for a
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Variable name
a
 and value

GLCHNG

FALSEb

TRUE

TRUE

FALSEb

FALSEb

FALSEb

TRUE

TRUE

TRUE

TRUE

TRUE

TRUE

FALSEb

FALSEb

FALSEb

GLADD

FALSEb

FALSEb

FALSEb

FALSEb

TRUE

TRUE

FALSEb

TRUE

TRUE

FALSEb

TRUE

TRUE

FALSEb

TRUE

TRUE

MRCHNG

TRUE

FALSEb

TRUE

TRUE

TRUE

TRUE

FALSEb

FALSEb

FALSEb

TRUE

TRUE

TRUE

FALSEb

FALSEb

FALSEb

Next-case situation

Change molecular rate coeffi-
cients only.

Change global rate coefficients
only.

Change global and molecular
rate coefficients.

Change molecular rate coeffi-
cients and add molecular
reactions.

Change molecular rate coef-
ficients and add global reactions.

Change molecular rate coeffi-
cients and add global and
molecular reactions.

Change global rate coefficients
and add molecular reactions.

Change global rate coefficients
and add global reactions.

Change global rate coefficients
and add global and molecular
reactions.

Change global and molecular
rate coefficients and add
molecular reactions.

Change global and molecular
rate coefficients and add global
reactions.

Change global and molecular
rate coefficients and add
global and molecular reactions.

Add molecular reactions only.

Add global reactions only.

Add molecular and global
reactions.

MRADD

FALSEb

FALSEb

FALSEb

TRUE

FALSEb

TRUE

TRUE

FALSEb

TRUE

TRUE

FALSEb

TRUE

TRUE

FALSEb

TRUE

TABLE 3.2.—LOGICAL VARIABLE SETTINGS IN NAMELIST RTYPE FOR
MULTIPLE-CASE SITUATIONS

aThe variables GLOBAL, GRONLY, and MRPREV are set according to the makeup of
the mechanisms of the previous and current cases; see table 3.1.

bDefault value.
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Columns

1–4
5–12
14–17
18–25
27–30
31–38
40
41–44
45–52
54–57
58–65
67–70
71–78

1–10
11–20
21–30
31–40
41–50
51–60

Variable
type

Real
Character
Real
Character
Real
Character
Character
Real
Character
Real
Character
Real
Character

Double
precision

�

Format

F4.2
A8
F4.2
A8
F4.2
A8
A1
F4.2
A8
F4.2
A8
F4.2
A8

F10.4
F10.4
F10.4
E10.4
F10.4
F10.4

Content and explanation

Stoichiometric coefficient of left reactant (default value = 1)
Name of left reactant (third one)
Stoichiometric coefficient of center reactant (default value = 1)
Name of center reactant (second one)
Stoichiometric coefficient of right reactant (default value = 1)
Name of right reactant (first or only one)
“>” or any symbol except “=”; indicates irreversible reaction
Stoichiometric coefficient of left product (default value = 1)
Name of left product (first or only one)
Stoichiometric coefficient of center product (default value = 1)
Name of center product (second one)
Stoichiometric coefficient of right product (default value = 1)
Name of right product (third one)

Concentration exponent of left (third) reactant
Concentration exponent of center (second) reactant
Concentration exponent of right (first or only) reactant
Preexponential factor Aj in eq. (2.6)
Temperature exponent nj in eq. (2.6)
Activation energy Ej in eq. (2.6)

(b) Line 2.

(a) Line 1.
TABLE 3.3.—FORMATS OF TWO REACTION LINES FOR EACH GLOBAL REACTION

sensitivity analysis calculation, consult chapter 11 of refer-
ence 2. In the previous LSENS version setting the logical
variable SENCAL equal to TRUE for a PSR problem resulted
in an error exit. This restriction has been removed by logic
changes in the main program and in subroutines KINP and
SENSIN. The user places the usual sensitivity analysis key
words, SENSVAR, REAC, and INIT (followed by appropri-
ate data lines), directly after the initial-mixture composition
data for a PSR problem, inasmuch as namelist SOLVER is not
required for this type of problem. Remember, however, that

the key word INIT (requesting sensitivity coefficients with
respect to initial values of dependent variables) may only be
used with the name TEMP on the following line. GLSENS
does not compute sensitivity coefficients with respect to initial
species concentrations for PSR sensitivity analysis. Note that
the user has the same choice of two tabular output formats for
sensitivity coefficients with respect to rate parameters as for an
integration problem. They are described in reference 2 and
illustrated in the several examples of problem data files for
PSR sensitivity computations given in chapter 4.
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Chapter 4

Kinetics and Sensitivity Test Cases and
Example Problems for Global Reactions
and PSR Sensitivity

4.2.1 Example Problem 1

In this problem a mechanism of all global reactions is used
to describe the perfectly stirred reactor combustion of a rich
propane-air mixture (fuel equivalence ratio ϕ = 2.0) at a
pressure of 5.5 atmospheres. The initial-mixture temperature is
800 K and the reactor volume is 2500 cm3. The complete
problem data file is shown in table 4.1 (see end of chapter for
tables) and, except for the use of global reactions, is set up
exactly as described in the LSENS code description and usage
report (ref. 2). All mechanisms used in these example problems
are modifications of those developed by Dr. K. Kundu for
simplified description of the combustion of propane and the
attendant formation and destruction of oxides of nitrogen
(NOx). See, for example, reference 15. The last reaction in the
mechanism (reaction 13) illustrates two characteristics of a
global reaction. First, the concentration exponent of reactant H2
is zero, which indicates that hydrogen concentration has no
effect on the rate of this reaction. Second, the reaction rate
depends on the concentration of the hydroxyl radical, which is
not a participant in the reaction. This species is written on both
sides of the reaction and, on the next line, is given the concen-
tration exponent value 1.0. Reaction 12 illustrates a global step
in which a reactant (OH) concentration has an exponent (1.0) in
the rate equation that is different from its stoichiometric coef-
ficient of 2.0. The rate of this reaction also depends on propane
(C3H8) concentration to the power 0.15, but the fuel does not
participate in this reaction. The name C3H8 is written as a
reactant and a product to indicate that its concentration is
unchanged by the reaction. Note that the PSR calculation is
controlled by the variables in namelist WSPROB. This is an

4.1 Kinetics and Sensitivity Analysis
   Test Cases

Part III of the documentation for the original LSENS code
(ref. 3) describes two sets of test cases that illustrate the code’s
ability to perform many types of chemical kinetics computa-
tions as well as sensitivity analysis for static chemical reac-
tions. The GLSENS code, of course, also retains all those
abilities. All original LSENS test cases give identical results
when executed with the GLSENS code and may be used to
verify the performance of this new code. The LSENS test cases
are supplied with the new code, GLSENS. Also supplied with
the code is the same thermodynamic data file used with LSENS.
It contains species coefficients from the thermodynamic data
base of the CET computer code (ref. 13) and is described in
detail in the LSENS documentation (ref. 2). These coefficients
for species not included in the GLSENS file can be computed
by using the code of McBride and Gordon (ref. 14).

4.2 Global Reaction Example Problems

The four example problems presented here show the use of
quasi-global (global and molecular) reaction mechanisms as
well as all-global mechanisms in three perfectly stirred reactor
problems and one integration problem. As part of the integra-
tion problem the usual sensitivity coefficients calculated by the
original LSENS code are computed for both molecular and
global reactions to illustrate that the fundamental technique is
the same for both types of reaction. Only the details of comput-
ing the reaction rate and its derivatives differ.
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assigned-mass-flow-rate problem with a desired flow rate of
1600 g/s that is to be reached with increments of 200 g/s from a
starting value of 100 g/s assigned in namelist START.

Some of the computed results for this case are listed in table
4.2, which shows partial results for the first, second, fourth, and
final convergences. The code had to increase the assigned mass
flow rate to 800 g/s to obtain the first successful convergence
because lower mass flow rates gave convergence to false
solutions of the real combustion problem. The false solutions
gave converged temperatures higher than the computed equi-
librium temperature of 2020.68 K, which was used as the first
estimate for the correct converged temperature. The first con-
verged temperature was about 80 K below the equilibrium
temperature and required 14 iterations. Each subsequent con-
vergence required only between three and six iterations and
gave much smaller decrements of temperature. This behavior
is a typical convergence pattern for PSR combustion of rich
hydrocarbon mixtures. Computed results for several intermedi-
ate convergence points and the desired mass flow rate of
1600 g/s are given in table 4.2.

4.2.2 Example Problem 2

This problem is also a rich propane-air PSR combustion
(ϕ = 1.5) with the same initial temperature and pressure as
example problem 1. The reaction mechanism of all global
reactions is a modification of that of example problem 1, and
several additional reactions have rates controlled by nonpar-
ticipating species H2 and O2.

The complete data file for this case is shown in table 4.3,
where it can be seen that a much larger reactor volume and
lower maximum flow rate were used than in example 1. This
mechanism was arbitrarily changed from the previous one for
illustrative purposes and could be quite unrealistic. Conver-
gence difficulties were encountered in this problem, and the
given volume and initial mass flow rate had to be found by trial
and error until several successful convergences were obtained.
Computed results for some of these conditions are shown in
table 4.4. Although a  maximum flow rate of 60 g/s was desired,
no successful convergence was obtained for a mass flow rate
above 25 g/s. The attempted convergence temperature began
dropping rapidly, indicating a blowout situation.

4.2.3 Example Problem 3

This problem is the same PSR problem as in example 1, but
it uses a reaction mechanism consisting of both global and
molecular steps. The latter group of reactions (all reversible) is
the hydrogen-oxygen submechanism of the benzene oxidation
mechanism used by Bittker (ref. 6). The global reactions are
taken from example problem 1.

The data file for this case is shown in table 4.5 and computed
results, in table 4.6. Note that the desired flow rate of

2500 g/s was again not reached because a blowout condition
was encountered at 450 g/s.

4.2.4 Example Problem 4

The constant-volume static reaction of a rich (ϕ = 2)
propane-air mixture is illustrated in this example, whose pur-
pose is to show the use of a quasi-global mechanism in an
integration problem. The problem also illustrates the calcula-
tion of sensitivity coefficients for global reactions in an integra-
tion problem. The mechanism contains both molecular and
global reactions. The molecular steps are all irreversible and
were used by K. Kundu in work at NASA Lewis. Global
reactions are taken from example problems 1 and 3. This
mechanism is not a realistic one and is used here only for
illustrative purposes. It should not be used for modeling any
real combustion system.

The problem data file for this case is given in table 4.7.
Sensitivity coefficients were computed for most of the depen-
dent variables with respect to the rate constant parameters of
both the molecular and global reactions. The sensitivity
analysis computation was similar for both reaction types
because both global and molecular reactions use the same form
for the rate coefficient expression (eq. (2.6)). Only differences
in the net rate expressions (eqs. (2.3) to (2.5) and eq. (2.9)) had
to be considered. All computed results, and especially values of
sensitivity coefficients, were found to be sensitive to the
settings of the integration accuracy control parameters EMAX
and ATOLSP.

In table 4.8 computed results are shown for several depen-
dent variables and their sensitivity coefficients with respect to
the Aj factor for the most controlling reaction, which is (global)
reaction 14, the reaction of C3H8 with O2. Results are given for
three values of the relative error control variable EMAX. As the
table shows, an EMAX value of 10–4 computed inaccurate
values of temperature and five species mole fractions. EMAX
had to be reduced to 10–6 or lower to obtain good accuracy. The
accuracy of sensitivity coefficients was even more sensitive to
the EMAX value used. Brute-force calculations of several
sensitivity coefficients were also performed, and all results
agreed with the values calculated by GLSENS for EMAX =
10–7. These results for the effect of error control parameters on
accuracy are consistent with those reported in chapter 13 of
reference 2 for the original LSENS code using a mechanism of
molecular reactions only.

4.3 Perfectly Stirred Reactor
   Sensitivity Calculations

Before example problems are presented, error control for a
PSR calculation is briefly discussed to help GLSENS users
properly evaluate the accuracy of computed results.
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4.3.1  Error Control for PSR Problems

For kinetics problems solved by numerical integration of
differential equations, accuracy for both the direct and sensitiv-
ity analysis solutions depends on the values of two error control
parameters set by the user in each problem data file. This error
control has been discussed and illustrated in great detail in parts
I and II of the LSENS documentation (refs. 1 and 2). The
situation is quite different for PSR calculations. The computa-
tion accuracy is controlled by two control numbers built into the
code (in subroutine WSR) and used to test for proper conver-
gence of the numerical solution of the nonlinear algebraic
equations that describe the reactor. Error control is self-setting,
therefore, and cannot be adjusted by the user in the problem data
file. In the development of the Newton-Raphson direct solu-
tion, optimum values of the two test numbers were obtained.
Further reduction of these numbers will not change the answers
and may cause numerical difficulties in the convergence proc-
ess.  One additional test number, which affects the computed
values of trace species concentrations, is used in subroutine
WSR. To avoid numerical problems during the Newton-Raphson
iteration procedure, a minimum value that any species mole
number can achieve has to be set. The value of this lower limit
is given by the variable SMALNO, which is set in a DATA
statement, along with the value of its natural logarithm,
DLOGSN. Variation of SMALNO in a series of test calcula-
tions showed that it had to be set at 1.0×10–10. In many
computations for several test cases trace species concentrations
near this lower limit sometimes showed unexpected variation.

Sensitivity coefficients were obtained by the exact solution
of a set of linear equations whose matrix of coefficients depends
on the accuracy of the direct solution. Therefore, the trace
species concentrations and their sensitivity coefficients were
probably less accurate than values for the other dependent
variables.

4.3.2 PSR Sensitivity Analysis Problems and
  Comparisons With Brute-Force Results

The five example problems presented here illustrate PSR
sensitivity analysis computations for several fuel-oxidant com-
binations. The fuels hydrogen, benzene, and propane react with
oxygen alone and in the presence of nitrogen and/or the inert
gas argon. Brute-force sensitivity coefficients have been calcu-
lated for each test case and compared with results from GLSENS.
One of these cases (example problem 7) illustrates a simplified
model of a gas turbine combustor.

4.3.2.1 Example problem 5.—This first PSR sensitivity
analysis problem is the reaction of a stoichiometric mixture of
hydrogen and oxygen alone. The reaction mechanism of all
molecular reactions is taken from Brabbs and Musiak (ref. 16).
The problem data file for this case, shown in table 4.9, calls
for the calculation of sensitivity coefficients of all species

concentration variables and temperature with respect to all
reaction preexponential factors and initial temperature. Also,
the value of TINY in namelist PROB has been set to 10–3 in
order to set equal to zero all coefficients with magnitudes
smaller than this number. Experience with sensitivity analysis
has shown that such small-magnitude coefficients indicate
unimportant effects of changing the rate parameter. The values
of the variables OUTPUT (= FALSE) and ORDER (= TRUE)
have been set in namelist SENRXN to print only the table of
sensitivity coefficients indexed by dependent variable.

Sensitivity coefficients with respect to the most important
rate coefficients and initial temperature for this problem are
shown in tables 4.10(a) and (b). Also listed are sensitivity
coefficients calculated by using the brute-force formulas (eqs.
(2.55) and (2.57)). Results are tabulated for two stable species,
hydrogen and water, as well as for three radical species and
temperature. Part (a) shows that, for rate coefficient sensitivi-
ties, agreement was generally excellent between GLSENS and
the brute-force values for coefficients with magnitudes of at
least 0.01 and good for the smaller magnitude coefficients. In
this mixture the dominant reactions were two catalytic colli-
sional processes, the dissociation of water and the H + O2
recombination to form the hydroperoxyl radical, although other
reactions did affect the overall rate. These controlling reactions
can be contrasted to the lower temperature ignition of a
hydrogen-oxygen mixture, for which the most sensitive reac-
tion promoting ignition is the H + O2 reaction to form an oxygen
atom and the OH radical. This chain-branching reaction is the
main propagation step for the free-radical process that ignites
the fuel-oxygen mixture. The catalytic collisional processes
that control the PSR reaction have little control of the ignition
reaction. Sensitivity coefficients with respect to initial tem-
perature are shown in table 4.10(b). Brute-force coefficients
were again compared with those calculated by GLSENS, and
there was the same excellent agreement between the two
methods of computation. The concentrations of oxygen atom
and hydroxyl radical were affected most strongly by changing
the initial temperature.

4.3.2.2 Example problem 6.—This problem uses an abbre-
viated quasi-global mechanism for the combustion of a
propane-air mixture having an equivalence ratio of 1.5. There
are 18 molecular and 10 global reactions in the mechanism. The
problem is the same as example problem 3 for global reactions,
with sensitivity analysis added to the data file, which is shown
in table 4.11. The input data call for calculating sensitivity
coefficients for six species and temperature with respect to all
rate coefficients and initial temperature. Again, only sensitivi-
ties with magnitude greater than 0.001 are to have nonzero
values.

Sensitivity coefficients calculated by GLSENS and the brute-
force method for this case are presented in table 4.12. Part (a)
gives sensitivity coefficients for five species and temperature
with respect to the rate coefficients of the seven most important
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reactions. Of these, six are global steps and the one molecular
process is the H + O2 radical branching reaction. As for the
previous example, agreement between the GLSENS and brute-
force values was excellent for all sensitivities with magnitude
greater than 0.01 and good for all but one of the smaller
magnitude coefficients, namely the sensitivity of molecular
oxygen concentration to the rate coefficient of reaction 28. This
global step converts molecular hydrogen and oxygen to an
oxygen atom and water. This reaction is written with OH on
both sides because its rate parameters in table 4.11 show that the
rate is proportional to the product of OH and oxygen concentra-
tions and is independent of molecular hydrogen concentration.
The brute-force value is about 18 percent lower than the
GLSENS-computed sensitivity coefficient, 4.08×10–3. The
difference was most likely due to an inaccurate brute-force
calculation because the sensitivity coefficient magnitude was
only a little above the 0.001 cutoff limit. It is also possible that
inaccuracies of the numerical procedure in the PSR solution
affected the linear equation solution for the sensitivity coeffi-
cients. However, for this small a sensitivity coefficient the
difference found between the two methods is really not
important.

Note that reaction 25, the direct propane-oxygen reaction,
appeared to have the strongest control over the entire reaction,
with reactions 28 and 24 next in importance. However, it is
interesting to observe that six of the seven reactions in the table
had a strong effect on the concentration of nitric oxide, one of
the significant pollutants in combustion processes.

Table 4.12(b) shows sensitivity coefficients with respect to
initial temperature and demonstrates excellent agreement be-
tween the GLSENS and brute-force values. An initial tempera-
ture change had its greatest effect on the fuel and oxidant
concentrations.

4.3.2.3 Example problem 7.—Example problem 7 is also
the PSR oxidation of a rich (ϕ = 1.5) propane-air mixture at high
pressure, but with a lower initial temperature of 614 K. This
stirred-reactor problem was used as the first part of example
problem 1 in chapter 13 of part II of the original LSENS
documentation (ref. 2). That problem showed a simplified
model of a gas turbine combustor, which is a PSR reaction of
the initial mixture followed by the expansion of the PSR exit
gas into a diverging nozzle. In the present example a sensitivity
analysis was performed on the stirred-reactor part of the model.
A comprehensive 136-step, molecular reaction mechanism
was used, instead of the brief global and molecular reaction
mechanism of the previous example. The problem data file for
this case is given in table 4.13, which shows that sensitivity
coefficients are required for nine species variables and tem-
perature. The value of TINY was set to 10–3, as in the other
example problems. In namelist SENRXN sensitivities are
requested with respect to the rate coefficients of the 13 most
important reactions, whose numbers are given in the array
RXNUM. The logical variable ORDER was again set equal to
TRUE and the variable OUTPUT equal to FALSE to reduce the

number of sensitivity tables printed. A logical variable in the
data file also requests sensitivity coefficients with respect to
initial temperature.

GLSENS-computed sensitivity coefficients for several of
these dependent variables in the PSR problem are shown in
table 4.14 and compared with brute-force coefficients. Table
4.14(a) shows sensitivity to the rate coefficients of the four
most rate-controlling reactions. The dominating reaction was
the collisional decomposition of CH4 into a methyl radical and
a hydrogen atom. Its rate coefficient affected the concentrations
of stable species (methane, propane, and ethane) as well as of
the methyl and hydroxyl radicals. Also, the last two reactions
listed (OH + C2H6 and CH3 + CH2) significantly controlled the
concentrations of CH4, CH3, and C2H6. These sensitivity
analysis results contrast with those for the low-temperature
static ignition of a propane-air mixture. A sample calculation
for ignition of the same mixture used in this test case showed
that the rate-controlling reactions are the following:

CH3  +   HO2    =   CH3O   +   OH

C2H4   +   OH    =  C2H3   +    H2O

OH    +   CH4    =   CH3   +   H2O

CH3    +    C3H8    =   CH4    +     C3H7

None of these reactions was found to be rate controlling for the
PSR reaction at higher temperature. Table 4.14(b) shows sen-
sitivity coefficients with respect to initial temperature. Concen-
trations of the species propane, ethane, and hydroxyl radical
were strongly affected by changes in the initial temperature.

Comparing the brute-force and GLSENS sensitivity coeffi-
cients in table 4.14 again shows excellent agreement between
the two methods. The only small differences occurred for the
smallest magnitude coefficients, where discrepancies were
evident in the previous problems.

4.3.2.4 Example problem 8.—This problem, the first of two
benzene-oxygen reactions, is the PSR reaction of an undiluted
stoichiometric benzene-oxygen mixture. The reaction mecha-
nism used is a slightly modified version of that given by Bittker
in reference 6. The problem data file for this case is shown in
table 4.15. In namelist PROB the variable TINY is set equal to
10–3 as before, and there is heat loss from the reactor, as defined
by the variables WSRHTR, WSRHT0, and WSRHT1 in namelist
WSPROB. Sensitivity coefficients for 10 species concentra-
tion variables and temperature are requested with respect to all
reaction Aj factors and initial temperature.

Sensitivity coefficients calculated by GLSENS and the brute-
force method, for five species concentrations and temperature
are shown in table 4.16. The species include the fuel, two
intermediate products (benzyl alcohol and carbon monoxide),
and two free-radical species (benzoxy and benzyl). Data were
omitted if the sensitivity coefficient values were less than
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nitrogen-oxygen reactions from reference 17. The problem
data file for this case is shown in table 4.17. Argon is now listed
as an inert species after the list of reactions, and all other data
are similar to those for the previous example problem.

Results of the rate coefficient sensitivity analysis are listed in
table 4.18. Although several of the same reactions appear here
and in table 4.16, there are significant differences in relative
sensitivity coefficient values for the two cases. First, the ben-
zene pyrolysis reaction, which was quite rate controlling for the
undiluted oxidation, was not important for the highly diluted
reaction. Also, the OH radical attack on benzene was a strongly
rate-controlling reaction for the diluted reaction but was not for
the pure benzene-oxygen reaction. This reaction is also listed in
the preceding example as a rate-controlling step in the lower
temperature ignition of benzene-oxygen mixtures. Finally, the
relative importance of the OH radical reactions with the species
C4H2 and C5H5 was quite different for the two benzene-oxygen
cases. As for the other test cases, table 4.18 demonstrates the
very good agreement between sensitivity coefficients calcu-
lated by the GLSENS and brute-force methods.

Table 4.19 shows sensitivity coefficients with respect to
initial temperature for both example problems 8 and 9. The
same dependent variables were used as in tables 4.16 and 4.18.
The GLSENS-computed values agreed well with those calcu-
lated by the brute-force method, as before. One interesting
point to note is that the sensitivity coefficient for temperature
was much higher for the diluted reaction than for the pure
benzene-oxygen reaction.

This example problem, along with the previous four, gives
users model problem data files from which most of their desired
PSR sensitivity analysis data files can be obtained with simple
modifications.

0.001. The coefficients listed are for the most rate-controlling
reactions in the mechanism, including pyrolysis reactions of
the fuel and benzoxy and benzyl radicals and reactions of C4H2,
C5H5, and C2H2. By contrast, none of these reactions was rate
controlling in the static ignition of benzene-oxygen mixtures,
diluted with argon, at initial temperatures close to 1100 K.
Sensitivity analysis for this reaction condition is presented in
reference 6. The rate-controlling reactions for ignition are the
following:

C6H6  +  O2    =   C6H5O   +   OH

C5H6  +  O2    =   C5H5O   +   OH

C6H5O     =   C5H5   +   CO

C6H5OH     =   C6H5O   +   H

C6H6   +   OH   =    C6H5    +   H2O

Only one of these, the decomposition of  C6H5O, appears as a
rate-controlling reaction in table 4.16. This comparison dem-
onstrates again the different sensitivity analysis results ob-
tained for different temperature regimes in complex chemical
reactions. Table 4.16 shows excellent agreement, once more,
between the brute-force method and the GLSENS solution for
the sensitivity coefficients.

4.3.2.5 Example problem 9.—In this final test problem a
stoichiometric benzene-oxygen mixture also reacts, but the
initial molar concentrations are cut in half by dilution with a
mixture of 50 mole percent nitrogen and 50 percent argon. The
reaction mechanism adds to that of example problem 8 a set of
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TABLE 4.1.—DATA FILE FOR EXAMPLE PROBLEM 1 (ALL-GLOBAL REACTIONS;
PERFECTLY STIRRED REACTOR PROBLEM)

Convergence number

1

1938.31
800

2.749
14

1.3757×10–2

8.6180×10–2

1.6866×10–2

0.11378
0.11368

4.3981×10–5

6.6436×10–5

2.3687×10–4

2

1909.97
1000
2.242

3

1.5092×10–2

8.4019×10–2

2.0623×10–2

0.11083
0.11067

6.5574×10–5

9.9362×10–5

2.8422×10–4

4

1834.41
1400

1.685
3

1.8565×10–2

7.9412×10–2

3.0477×10–2

0.10326
0.10295

1.2536×10–4

1.9333×10–4

3.5924×10–4

5

1779.68
1600

1.532
4

2.1350×10–2

7.6161×10–2

3.8108×10–2

9.7556×10–2

9.7126×10–2

1.6608×10–4

2.6362×10–4

3.7941×10–4

Species mole fractions

TABLE 4.2.—COMPUTED RESULTS FOR EXAMPLE PROBLEM 1 (PROPANE-AIR
COMBUSTION IN PERFECTLY STIRRED REACTOR)

[Initial temperature T0 = 800 K; pressure p = 5.5 atm; equivalence ratio ϕ = 2.0;
equilibrium temperature, 2020.68 K.]

Variable

Temperature, T, K

Mass flow rate, ṁ , g/s
Residence time, τ, ms
Number of iterations

C3H8
H2
O2
H2O
CO
NO
O
OH
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Variable

Temperature, T, K

Mass flow rate, ṁ , g/s
Residence time, τ, ms
Number of iterations

C3H8
H2
O2
H2O
CO
NO
O
OH

Convergence number

1

2016.44
13

647.2
33

1.1787×10–3

8.8640×10–2

2.6382×10–2

0.10713
0.11686

9.5537×10–7

5.3194×10–7

1.3385×10–6

5

1988.99
17

505.8
3

3.2999×10–3

8.3809×10–2

3.1050×10–2

0.10510
0.11159

1.1658×10–6

6.9421×10–7

1.4328×10–6

9

1947.33
21

422.1
3

5.9432×10–3

7.8786×10–2

3.7508×10–2

0.10143
0.10537

1.5018×10–6

9.4276×10–7

1.5275×10–6

13

1856.68
25

377.6
4

1.0688×10–2

7.1373×10–2

5.0324×10–2

9.3019×10–2

9.4443×10–2

2.0366×10–6

1.3623×10–6

1.4894×10–6

Species mole fractions

TABLE 4.4.—COMPUTED RESULTS FOR EXAMPLE PROBLEM 2 (PROPANE-AIR
COMBUSTION IN PERFECTLY STIRRED REACTOR)

[Initial temperature T0 = 800 K; pressure p = 5.5 atm; equivalence ratio ϕ = 1.5;
equilibrium temperature, 2357.42 K.]

TABLE 4.3.—DATA FILE FOR EXAMPLE PROBLEM 2 (ALL GLOBAL REACTIONS)
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TABLE 4.5.—DATA FILE FOR EXAMPLE PROBLEM 3 (GLOBAL AND MOLECULAR REACTIONS;
PERFECTLY STIRRED REACTOR  PROBLEM)
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Variable

Temperature, T, K
Mass flow rate, ṁ , g/s
Residence time, τ, ms
Number of iterations

C3H8
H2
O2
H2O
CO
NO
O
OH

Convergence number

1

2176.82
200

2.019
13

4.1056×10–3

9.0557×10–4

1.0693×10–2

0.18363
0.13698

2.8546×10–4

4.3280×10–4

3.7450×10–3

2

2142.84
250

1.643
3

4.5191×10–3

6.1544×10–4

1.3130×10–2

0.18112
0.13476

3.2885×10–4

5.0000×10–4

3.8708×10–3

4

2072.33
350

1.217
3

5.5855×10–3

1.1805×10–4

1.8679×10–2

0.17541
0.12996

4.1960×10–4

6.4372×10–4

4.0143×10–3

5

2034.80
400

1.086
3

6.3101×10–3

2.6380×10–9

2.1946×10–2

0.17205
0.12724

4.6932×10–4

7.2552×10–4

4.0424×10–3

Species mole fractions

TABLE 4.6.—COMPUTED RESULTS FOR EXAMPLE PROBLEM 3 (PROPANE-AIR
COMBUSTION IN PERFECTLY STIRRED REACTOR)

[Initial temperature T0 = 800 K; pressure p = 5.5 atm; equivalence ratio ϕ = 1.5;
equilibrium temperature, 2320.64 K.]
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TABLE 4.7.—DATA FILE FOR EXAMPLE PROBLEM 4 (INTEGRATION CASE FOR MECHANISM WITH
GLOBAL AND MOLECULAR REACTIONS)

Variable

Temperature, T, K
Mole fraction:

C3H8
H2O
CO
NO
OH

10–4

Value

1644.28

3.8686×10–2

8.8096×10–2

8.7686×10–2

6.1677×10–7

8.8876×10–4

Sensitivity
coefficient

with respect
to A14

    533

–1250
  1370
  1380
  3470
  3820

10–6

Value

1419.60

5.1507×10–2

6.1291×10–2

6.0894×10–2

1.5784×10–7

2.4437×10–4

Sensitivity
coefficient

with respect
to A14

  173

–215
  492
  494
1970
1850

10–7

Value

1418.98

5.1539×10–2

6.1220×10–2

6.0823×10–2

1.5707×10–7

2.4325×10–4

Sensitivity
coefficient

with respect
to A14

  172

–214
  490
  492
1970
1840

EMAX value (ATOLSP = 10–9EMAX)

TABLE 4.8.—COMPUTED RESULTS FOR EXAMPLE PROBLEM 4
(PROPANE-AIR COMBUSTION AT CONSTANT VOLUME)

[Initial temperature T0 = 850 K; initial pressure p0 = 5.5 atm; equivalence ratio ϕ = 2.0; reaction time t = 592.5 ms.]
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TABLE 4.9.—DATA FILE FOR EXAMPLE PROBLEM 5 (HYDROGEN-OXYGEN PSR SENSITIVITY)



28



29

TABLE 4.11.—DATA FILE FOR EXAMPLE PROBLEM 6 (PSR SENSITIVITY
WITH GLOBAL AND MOLECULAR REACTIONS)
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TABLE 4.13.—DATA FILE FOR EXAMPLE PROBLEM 7 (PROPANE-AIR PSR)
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TABLE 4.13.—Continued.
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TABLE 4.13.—Concluded.
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TABLE 4.15.—DATA FILE FOR EXAMPLE PROBLEM 8 (BENZENE-OXYGEN PSR)
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TABLE 4.15.—Continued.
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TABLE 4.15.—Concluded.



39



40

TABLE 4.17.—DATA FILE FOR EXAMPLE PROBLEM 9 (BENZENE-OXYGEN-NITROGEN-ARGON PSR)
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TABLE 4.17.—Continued.
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TABLE 4.17.—Concluded.
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Variable

C6H6

C6H5O

C6H5

C6H5OH

CO

Temperature

Example problem 8
a

Brute force

  –0.776

  –0.812

  –0.503

–1.00

   0.438

  5.81×10–2

Example problem 9
b

GLSENS

–0.876

  –1.42

  –1.08

  –2.84

    0.297

    0.118

Brute force

–0.876

    –1.42

    –1.08

    –2.84

      0.297

      0.118

Sensitivity coefficients 〈Si,T0
〉 with respect to initial

temperature

TABLE 4.19.—COMPARISON OF BRUTE-FORCE AND GLSENS
SENSITIVITY COEFFICIENTS WITH RESPECT TO INITIAL

TEMPERATURE FOR EXAMPLE PROBLEMS 8 AND 9

a
C6H6–O2; initial temperature T0 = 614 K; mass flow rate

ṁ  = 6000 g/s; temperature T = 3168.7 K.
b
C6H6–O2–N2–Ar; initial temperature T0 = 614 K; mass flow rate

ṁ  = 6000 g/s; temperature T = 2586.1 K.

GLSENS

  –0.775

  –0.812

  –0.503

–1.00

   0.438

  5.79×10–2
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The GLSENS code has been extensively tested and found to
be accurate and efficient. All computed sensitivity coefficients
were compared with values obtained by the direct-variation, or
brute force, technique. Results of the two methods agreed well
in all comparisons.

Nine example problems are described in detail to illustrate
the abilities of the new generalized code. Several of the cases
show computation of PSR sensitivity coefficients and excel-
lent agreement with brute-force-computed coefficients.

This report is to be used in conjunction with the three-
volume documentation of the LSENS code (refs. 1 to 3) as the
complete documentation of the new GLSENS code.

Lewis Research Center
National Aeronautics and Space Administration
April 5, 1995

Chapter 5

Concluding Remarks
This reference publication describes a generalized version

of the Lewis chemical kinetics and sensitivity analysis code,
LSENS. The new code, GLSENS, allows the user to put global
reactions into a chemical mechanism along with molecular
steps. The rate expression for a global process does not obey the
law of mass action. It is determined empirically by least-
squares fitting of actual measurements of temperature and
composition over a range of experimental conditions. Any
combination of molecular and global steps can be used for
all the chemical models and in the sensitivity coefficient
computations for a static chemical reaction. The new code also
incorporates the ability to perform sensitivity analysis cal-
culations for a perfectly stirred reactor modeling computation.
The sensitivity calculations are performed rapidly and conve-
niently at the same time that the main kinetics calculations are
being done.
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To illustrate the setup of multiple-case files using molecular
and global reactions, a problem data file of seven cases has been
prepared. It is presented in table A.1 and shows several ex-
amples of setting all the logical variables in namelist RTYPE.
Each case is discussed here, and partial results from the execu-
tion of each case are presented.  The computational results give
the user insight into performing PSR problems with GLSENS
and also explain some of the messages printed by the code when
the computations run into certain problem situations.

Case 1

The first case is a perfectly stirred reactor combustion of
hydrogen and oxygen using a partial molecular reaction mecha-
nism that contains no third-body steps; it is being used for
illustrative purposes only. There are no nonreacting (inert)
species in the mixture. There are no global reactions, so no
variables have to be set in namelist RTYPE because the default
values of the variables GLOBAL and GRONLY are FALSE.
Therefore, only a dummy line is needed. Because there is no
integration or assigned variable for a PSR problem, the word
TIME is written on the integration and assigned variable, units,
and fuel name line, just to identify it. In namelist WSPROB
mass flow rate is assigned with a desired final value (DOTMAX)
of 1000 g/s to be reached by increments of 100 g/s (DELMD).

Computed results are shown in table A.2.  The initial condi-
tions for a successful first convergence are usually obtained by
varying the initial mass flow rate for an assigned-mass-flow-
rate problem. Typical initial values range from 10 to 200 g/s,
but for this case MDOT had to be lowered to 0.1 g/s in namelist
START because an incomplete mechanism is being used for
demonstration purposes. The first successful convergence was
easily accomplished (in 10 iterations) to a reaction temperature
of 1102 K, which is considerably lower than the equilibrium
temperature of 3104 K. This is not a typical situation and was
caused, in part, by the use of an unrealistic chemical mecha-

nism. As shown in the other test cases, the first converged
temperature is usually within a few hundred degrees of the
equilibrium value used as the first estimate. The PSR calcula-
tion subroutine is programmed to test for the occurrence of false
solutions to the set of nonlinear algebraic equations. One
common example is convergence to a temperature higher than
the previous converged temperature (or the equilibrium tem-
perature on the first convergence). The calculation will be
aborted or restarted with a higher mass flow rate if the first
convergence and the first two increments of mass flow rate do
not give monotonically decreasing temperatures that are all
lower than the equilibrium temperature. In the present case the
temperature decrements are very small as the mass flow rate is
incremented to its final value of 1000 g/s and a final reactor
temperature of just under 1098 K.

Case 2

Case 2 is a propane-air PSR combustion problem and the
mechanism is constructed by, first, changing the rate coeffi-
cient of the last reaction in case 1 and then adding the molecular
third-body reactions of the hydrogen-oxygen mechanism, in-
cluding many third-body ratios different from 1. A global
propane oxidation mechanism, similar to the one used in the
example problems of chapter 4 is then added. In namelist
RTYPE the variable GLOBAL now is set equal to TRUE; and
GRONLY, to FALSE. In addition the variables MRCHNG,
MRADD, and GLADD are set equal to TRUE to tell GLSENS
that a rate coefficient change is being made and both types of
reaction are being added. Note that this namelist is preceded by
the CHANGE action line and followed by the reaction line with
its changed rate coefficient. The list is ended by a blank line,
which is followed by an ADD action line. The new molecular
reactions (and any third-body efficiencies different from 1) are
then given. This list is ended by the word END written in the
first reactant field after the last reaction. The new global

Appendix—Multiple-Case File Setup
Showing Changing and Adding of
Global and Molecular Reactions
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reactions follow, two lines per reaction, using the formats given
in table 3.3. This list terminates with the word END written in
the first species field after the last global reaction. The next line
of the file contains the name AR in the first two columns and
introduces the inert gas argon as part of the reacting mixture of
this case. It is followed by the integration and assigned variable,
units, and fuel name line, which contains the program name
C3H8 for the fuel propane starting in column 41. This name is
needed because the simplified equivalence ratio method is used
in namelist START below to specify the initial mixture mole
fractions. As in case 1 the namelist WSPROB sets all the
variables for the assigned-mass-flow-rate PSR problem. Note
that the namelist PROB contains no variables because all
settings from case 1 are saved and no new variables are set. The
same PROB may be used for  any case using the CHANGE,
ADD, or REPEAT options when the previous variables do not
have to be changed and no new ones are needed.

Table A.3 shows some of the computed results. The initial
mass flow rate was set at 140 g/s. However, the messages
printed after the initial estimates show that the code had to
increase this value to 560 g/s in order to achieve a converged
temperature lower than the equilibrium temperature. The first
converged temperature was about 28 K lower than the equilib-
rium value and the calculation then proceeded smoothly. How-
ever, the desired final mass flow rate of 4000 g/s was not
reached. The messages printed after the last convergence at a
flow rate of 1610 g/s indicated a blowout condition in the
reactor. First, the iteration procedure had a problem at the next
attempted convergence. The code then restarted the iteration
after doubling the last converged flow rate. Convergence was
easily obtained in 13 iterations, but the temperature was the
same as the inlet temperature, indicating that blowout had
occurred.

Case 3

Case 3 is essentially the same as case 2. The only change,
other than initial conditions, is the addition of two more
molecular reactions to the mechanism of case 2. The action
variable ADD, therefore, follows the title line. In namelist
RTYPE all seven variables are set for illustrative purposes,
even though some have their default values. GLOBAL and
GRONLY are set to the same values they had in case 2. The
variables GLADD, GLCHNG, and MRCHNG must now have
the (default) value FALSE, and MRPREV must also be set to
FALSE because the previous case used both molecular and
global reactions. Finally, MRADD must be set to TRUE again
because it is initialized to FALSE. Note that, after the list of two
added reactions, there is a blank line ending the list and a second
one which indicates that no new inert species are being added
to the mixture.

As shown in table A.4, the initial mass flow rate was set at
450 g/s but the converged temperature was about 2 K higher
than the equilibrium temperature. The code then doubled the

initial mass flow rate, and convergence was obtained at a
temperature about 130 K below the equilibrium temperature.
Computed results were very close to those for case 2, including
the reaching of a blowout condition at a mass flow rate greater
than 1600 g/s.

Case 4

Case 4 is a propane-air, constant-volume combustion reac-
tion with the same mechanism used in case 3. The ACTION
line, therefore, contains the word REPEAT. The following
namelist RTYPE has only to reset the variables GLOBAL and
MRPREV to their nondefault values of TRUE and FALSE,
respectively. The next line is the integration and assigned
variable, units, and fuel name line, which contains the word
TIME starting in column 1 (indicating time integration) and the
fuel name C3H8 starting in column 41. Namelist PROB, which
follows, sets the logical variable RHOCON equal to TRUE and
lists the reaction times at which output is to be printed in the
array PRINT. It is important to notice that PROB must also reset
the variable WELSTR to the value FALSE because an integra-
tion problem is being solved. The remainder of the data for this
case consists of namelist START followed by the initial mole
fractions and namelist SOLVER, which is now added to set the
integration accuracy-control parameters.

The computed results for this problem are shown in
table A.5. The rapid reaction consumed the hydrogen much
faster than the propane, and the results show a negative concen-
tration at the final print station time of 5 µs. Carbon monoxide
(CO) was formed at first but then was rapidly destroyed, so that
its concentration also went negative. These negative concentra-
tions indicate an incomplete mechanism. Note that GLSENS
prints any negative concentrations in an integration problem
and prints a message indicating which species concentrations
have become negative.

Case 5

Case 5 is a propane-air PSR combustion reaction, but a new
all-global reaction mechanism is used so that this problem has
the action option NEW and all variables are reset to their default
values. In namelist RTYPE both the variables GLOBAL and
GRONLY are set equal to TRUE. No other variables have to be
set. The remaining data for this assigned-mass-flow-rate prob-
lem are given as in the previous cases, except the initial-mixture
composition, which is listed as individual species mole frac-
tions after namelist START.

Table A.6 shows that the iteration procedure converged
smoothly for the initial mass flow rate of 100 g/s to a tempera-
ture about 140 K below the equilibrium temperature. The
calculation did not reach the desired final flow rate of
1600 g/s. Convergence problems were experienced at a flow
rate above 140 g/s, and restarting at higher flow rates did not
help the situation. The reactor was probably approaching
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blowout condition, even though the calculation did not show a
convergence temperature the same as the initial-mixture tem-
perature, as happened in cases 2 and 3.

Case 6

Case 6 is similar to case 5 but changes one reaction rate
coefficient and adds one new global reaction. The CHANGE
option is written on the action line, and namelist RTYPE sets
the variables GLCHNG and GLADD as well as GLOBAL and
GRONLY equal to TRUE. The variable MRPREV must be set
to FALSE as in the previous case. The changed and added
global reactions follow namelist RTYPE as in the previous
cases.

Computed results for this case are shown in table A.7. This
PSR case is similar to case 5 and uses an all-global mechanism
modified from that case. The initial flow rate of 100 g/s had to
be increased by GLSENS to 800 g/s in order to get proper
convergence to a temperature about 100 K less than the equilib-
rium temperature. The calculation then proceeded smoothly to
the required final mass flow rate of 1500 g/s.

Case 7

The last case is a different propane-air PSR problem using
a mechanism that adds several molecular reactions to the all-
global mechanism of the previous case. Namelist RTYPE sets
the variables GLOBAL and MRADD equal to TRUE and the
variables GRONLY and MRPREV equal to FALSE. The other
three variables are reset by the code to their default values of
FALSE. The list of added molecular reactions follows this
namelist and is in turn followed by a blank line (indicating
the absence of any new inert species) and the remainder of
the case data.

The results shown in table A.8 indicate that the initial mass
flow rate of 140 g/s had to be increased to 560 g/s to get a
successful convergence to a temperature only 7 K less than the
equilibrium temperature. The calculation ended normally at
the required final flow rate of 1160 g/s.

This set of cases illustrates many of the typical situations
that would be encountered in the task of developing a com-
bined molecular and global reaction mechanism. See table 3.2
for a summary of the required values of the variables in
namelist RTYPE for these problems and several other possible
mechanism change situations.
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TABLE A.1.—DATA FILE FOR MULTIPLE CASES WITH GLOBAL CODE
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TABLE A.1.—Continued.
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TABLE A.1.—Concluded.
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TABLE A.2.—COMPUTED RESULTS FOR TEST CASE 1 (HYDROGEN-OXYGEN PSR PROBLEM USING ALL MOLECULAR REACTIONS)
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TABLE A.2.—Continued.
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TABLE A.2.—Concluded.
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TABLE A.3.—COMPUTED RESULTS FOR TEST CASE 2 (PROPANE-AIR PSR PROBLEM USING GLOBAL AND MOLECULAR REACTIONS)
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TABLE A.3.—Continued.
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TABLE A.3.—Continued.
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TABLE A.3.—Continued.
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TABLE A.3.—Concluded.
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TABLE A.4.—COMPUTED RESULTS FOR TEST CASE 3 (PROPANE-AIR PSR PROBLEM OF CASE 2
WITH ADDED MOLECULAR REACTIONS IN MECHANISM)
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TABLE A.4.—Continued.



62

TABLE A.4.—Continued.
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TABLE A.4.—Continued.
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TABLE A.4.—Concluded.
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TABLE A.5.—COMPUTED RESULTS FOR TEST CASE 4 (PROPANE-HYDROGEN-AIR,
CONSTANT-VOLUME COMBUSTION WITH MECHANISM OF CASE 3)
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TABLE A.5.—Continued.
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TABLE A.5.—Continued.
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TABLE A.5.—Continued.
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TABLE A.5.—Concluded.
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TABLE A.6.—COMPUTED RESULTS FOR TEST CASE 5 (PROPANE-AIR PSR PROBLEM USING ALL-GLOBAL REACTIONS)
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TABLE A.6.—Continued.
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TABLE A.6.—Continued.
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TABLE A.6.—Continued.
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TABLE A.6.—Concluded.
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TABLE A.7.—COMPUTED RESULTS FOR TEST CASE 6 (PROPANE-AIR PSR CASE
WITH GLOBAL REACTION MECHANISM MODIFIED FROM CASE 5)
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TABLE A.7.—Continued.
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TABLE A.7.—Continued.
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TABLE A.7.—Concluded.
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TABLE A.8.—COMPUTED RESULTS FOR TEST CASE 7 (PROPANE-AIR PSR PROBLEM
WITH MOLECULAR REACTIONS ADDED TO GLOBAL MECHANISM OF CASE 6)
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TABLE A.8.—Continued.
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TABLE A.8.—Continued.
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TABLE A.8.—Continued.
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TABLE A.8.—Concluded.
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GLSENS, A Generalized Extension of LSENS Including Global Reactions and
Added Sensitivity Analysis for the Perfectly Stirred Reactor

David A. Bittker

David A. Bittker, Distinguished Research Associate. Responsible person, Edward J. Mularz, organization code 2650,
(216) 433–5850.

General chemical kinetics computations; Global reactions; Sensitivity analysis

A generalized version of the NASA Lewis general kinetics code, LSENS, is described. The new code allows the use of
global reactions as well as molecular processes in a chemical mechanism. The code also incorporates the capability of
performing sensitivity analysis calculations for a perfectly stirred reactor rapidly and conveniently at the same time that
the main kinetics calculations are being done. The GLSENS code has been extensively tested and has been found to be
accurate and efficient. Nine example problems are presented and complete user instructions are given for the new capabili-
ties. This report is to be used in conjunction with the documentation for the original LSENS code.






